1. Introduction {#sec1}
===============

Along with the functional and cosmetic improvements associated with orthodontic care, the duration of orthodontic treatment is a major factor that influences patient satisfaction. Due to the decreased metabolic activity in adults in comparison with children and adolescents, the prolonged orthodontic treatment becomes the top concern for adult patients. This problem is raising increasingly more attention since the number of adults seeking orthodontic treatment has increased considerably in the last 20 years \[[@B1]\]. Indeed, reducing the orthodontic treatment time is necessary for all patients to minimize the incidence of adverse effects such as root resorption, oral hygiene difficulties, and the appearance of caries \[[@B2], [@B3]\]. Therefore, promising strategies that could shorten orthodontic treatment are demanded by both patients and orthodontists \[[@B2], [@B4]\].

In response to this unmet need, low-intensity laser treatments, photobiomodulation, pulsed electromagnetic fields, corticotomy, corticision, and interseptal bone reduction have been investigated in attempts to reduce orthodontic treatment time \[[@B2]\]. Among these options, corticotomy is the most attractive approach since it is a common technique that induces regional acceleratory phenomenon (RAP) and expedites orthodontic tooth movement. However, it is not conclusive whether corticotomy is associated with accelerated orthodontic tooth movement clinically, as there are a plethora of controversial observations obtained from animal experiments and human clinical assessment \[[@B2], [@B4]--[@B6]\]. One plausible explanation for this contentious phenomenon is that although currently available investigations exclusively assessed tooth movement on the same side of surgery \[[@B2], [@B4]--[@B12]\], the controls used in animal and human studies were fundamentally different. In particular, in most animal studies, a separate group of animals without corticotomy was used as controls, while in human studies, tooth movement was compared between the side with corticotomy and the other side without surgery in the same patient \[[@B2], [@B4]--[@B6]\]. Considering that local and systemic immune responses may influence bone homeostasis during orthodontic treatment \[[@B13]--[@B17]\], it is possible that remote corticotomy can also accelerate tooth movement. If this is the case, the benefit of corticotomy on shortening orthodontic treatment may be underestimated in past human studies.

Here, we developed a novel rat model to test the aforementioned hypothesis and reconcile the discrepancies among previous studies. By performing a remote corticotomy before orthodontic treatment, we avoid the confounding effects of removing cortical bone blockage on the path of tooth movement which is a significant obstacle for previous corticotomy investigations \[[@B7]--[@B9], [@B12]\]. In addition, we have included a negative control group in the current study to eliminate the systematic error, in which only the orthodontic treatment devices were delivered, and no orthodontic force was applied to stimulate tooth movement. Thus, the current rat model is a proper model to evaluate the effects of remote corticotomy on orthodontic tooth movement.

2. Materials and Methods {#sec2}
========================

2.1. Animal Model and Treatments {#sec2.1}
--------------------------------

All animal surgeries were performed under the institutional protocol approved by the Animal Research Committee at Medical School of Xi\'an Jiaotong University (No. XJTULAC2019-936) and are compliant with the Reporting In Vivo Experiments (ARRIVE) guidelines.

72 female Sprague-Dawley rats (8-week-old) were provided by the Experimental Animal Center, Medical School of Xi\'an Jiaotong University, and were randomly divided into three treatment groups with four investigative time points (6 rats/treatment/time point) by a free online randomization tool at <http://www.randomizer.org>. The treatment groups are (1) the Control group - which wore orthodontic treatment devices only without tooth movement; (2) the orthodontic tooth movement (OTM) group - which wore orthodontic treatment devices and had orthodontic treatment; and (3) the Corticotomy + OTM group -- which had undergone remote corticotomy, wore orthodontic treatment devices, and subsequently had orthodontic treatment. Rats were housed under controlled temperature (22 ± 1°C) in a 12-h/12-h light/dark cycle and were given free access to food and water.

A modified corticotomy procedure was performed in the current study. Briefly, after anesthesia by 10% chloral hydrate, a 15-mm horizontal full-thickness flap was made on the mucosa at the buccal vestibule at the right side of the maxilla. With the aid of a low-speed 1/4-mm spherical carbide bur, a size of 1-mm height, 10-mm length, and 0.5-mm depth cortical bone was removed at the level of root apex instead of several perforations \[[@B10]--[@B12]\] (Figures [1(a)](#fig1){ref-type="fig"} and [1(b)](#fig1){ref-type="fig"}). The surgery site was rinsed by sterile saline before suturing. No mobility of the hemimaxilla was detected after corticotomy. Tissues were subsequently sutured with absorbable thread. All surgical procedures were performed once only during the experimental period by the same well-trained D.D.S to ensure consistency.

Right after the surgery, the following procedures were performed on the rats from all three groups to wear the orthodontic equipment: a 0.5-mm wide horizontal cervical groove was made encircling the maxillary incisors, and a 0.020-inch stainless steel ligature wire was tightened around the groove. For the left maxillary first molar, another ligature wire was bent at the cervical margin of the tooth. These two wires on incisors and first molar were connected to a nickel-titanium coil spring (0.2 mm wire size, 1 mm in diameter and 1 mm in length; Smart Technology, Beijing, China) (Figures [1(a)](#fig1){ref-type="fig"} and [1(c)](#fig1){ref-type="fig"}).

For the OTM and Corticotomy + OTM groups, 60 g force was selected as it is a commonly used force level in comparable rat experiments \[[@B18]--[@B24]\]. The springs were strengthened to provide a force of 60 g \[[@B25]\] as confirmed by a force meter (YS-31 2N; YDM Corporation, Tokyo, Japan) to induce mesial movement of the upper left first molar (Figures [1(a)](#fig1){ref-type="fig"} and [1(c)](#fig1){ref-type="fig"}). The springs were fastened every week to ensure a consistent orthodontic force ([Figure 1(d)](#fig1){ref-type="fig"}).

All rats remained healthy during the experimental period. 6 rats from each group were sacrificed by 4% paraformaldehyde (PFA, Sigma-Aldrich, St Louis, Mo, USA) cardiac perfusion at day 3, 7, 14 or 28, respectively ([Figure 1(d)](#fig1){ref-type="fig"}). The maxilla from each rat was dissected, fixed with 4% ice-cold PFA for 24 hours, and decalcified by 19% ethylenediaminetetraacetic acid (Sigma-Aldrich) at room temperature for 2 months before paraffin embedding.

2.2. Measurement of Orthodontic Tooth Movement {#sec2.2}
----------------------------------------------

For each individual rat, silicon rubber impressions of maxillary dentition were taken and cast into an ultra-anhydrite plaster model after euthanasia. The models were labeled by random numbers and sent to three independent observers for measurement in a blinded fashion. The distance between mesial pits of upper first molars and upper third molars on both sides for each sample was measured three times by an individual observer using digital calipers. The orthodontic tooth movement distance for each sample is defined as the following formula:$$\begin{matrix}
{D_{OTM} = L_{m1 - m3} - R_{m1 - m3}^{\prime}} \\
\end{matrix}$$

D~OTM~: the orthodontic tooth movement distance

L~m1−m3~: the distance between mesial pits of upper left first molar and upper left third molar;

R~m1−m3~′: the mean of the results of three measurements of R~m1−m3~;

R~m1−m3~: the distance between mesial pits of upper right first molar and upper right third molar.

At both the left and right sides of each sample, the moving distances were measured by an individual observer three times. The average of the mean values obtained by three independent observers was calculated for further data analyses.

2.3. Histological and Immunohistochemical Analyses {#sec2.3}
--------------------------------------------------

Serial axial 5-*μ*m sections were obtained from each paraffin embedded samples for hematoxylin and eosin (H&E), tartrate-resistant acid phosphatase (TRAP), and immunofluorescent staining as previously described \[[@B13], [@B16]\]. Images were acquired at room temperature under a microscope (Olympus, America Inc., Center Valley, PA, USA) using a 20× (dry HC Plan Apochromat, NA 0.17) objective lens.

Particularly, TRAP staining was performed per the manufacturer\'s instructions (386-A1, Sigma-Aldrich) to identify osteoclasts \[[@B12], [@B26]\]. The numbers of osteoclasts per observation field (each image under 20X objective lens) were determined on the alveolar bone surface and marrow spaces adjacent to the mesial surfaces (compression side) of distobuccal roots according to methods previously described \[[@B12], [@B26]\]. Marrow spaces were selected only if they were adjacent to the alveolar bone surface. Four sections that revealed the most pulp structure (mid-root sections) were used for measurements, and their means were used for statistical tests.

The expression levels of osteocalcin (OCN), a marker of alveolar bone anabolic activity \[[@B27], [@B28]\], and interleukin 6 (IL6), a known essential immune marker during orthodontic tooth movement \[[@B14], [@B15], [@B27], [@B28]\] at different time points, were evaluated by immunofluorescent staining. Anti-osteocalcin (OCN) and anti-IL6 primary antibodies were purchased from Abcam (Cambridge, MA, USA). 4′,6-Diamidino-2-phenylindole (DAPI; Sigma-Aldrich) was used for nuclear counterstaining.

2.4. Statistical Analysis {#sec2.4}
-------------------------

Statistical analysis was performed with OriginPro® 8 (Origin Lab Corp., Northampton, MA, USA) that included Mann-Whitney U test, one-way ANOVA test, and two-sample*t*-test.*P*\< 0.05 was considered a significant difference.

3. Results {#sec3}
==========

3.1. Corticotomy Increased the Moving Distance and Speed of Orthodontic Teeth on the Contralateral Side {#sec3.1}
-------------------------------------------------------------------------------------------------------

Since there was no orthodontic force applied, orthodontic teeth in Control group should not move at all. As expected, the upper left first molars in the Control group did not move during the entire experimental period ([Figure 2(a)](#fig2){ref-type="fig"}), representing the accuracy of the measurement system. Application of orthodontic force led to the mesial moving of the upper left first molars gradually as seen in the OTM group as well as the Corticotomy + OTM group ([Figure 2(a)](#fig2){ref-type="fig"}). More importantly, the moving distance of the orthodontic teeth in the Corticotomy + OTM group was significantly longer than that in the OTM group ([Figure 2(a)](#fig2){ref-type="fig"}). Particularly, after seven days of applying orthodontic force, the moving distance in the Corticotomy + OTM group was almost 1.5-fold as large as that in the OTM only group ([Figure 2(a)](#fig2){ref-type="fig"}).

In order to track the tooth movement in detail, the average moving speed of the orthodontic teeth between every two investigating time points was calculated ([Figure 2(b)](#fig2){ref-type="fig"}). Again, the movement of orthodontic teeth in the Control group was found to be negligible (at a speed slower than 0.005 mm/Day). Unlike orthodontic teeth in the OTM group that moved at a consistent speed (approximately 0.045 mm/day), the orthodontic teeth in the Corticotomy + OTM group had significantly accelerated movement during day 0 to 7, during which its moving speed was 1.5-fold of that in the OTM group among day 0-3 (approximately 0.060 mm/day) and 2-fold of that in the OTM group during day 3-7 (approximately 0.090 mm/day). In day 7-14, the moving speed of orthodontic teeth in Corticotomy + OTM group was considerably reduced from the peak seen in day 3-7 but was still significantly higher (approximately 0.060 mm/day) than that of the OTM group. The rate of movement of teeth in the Corticotomy + OTM group subsequently slowed down to a similar level to that of the OTM group during day 7-14 (approximately 0.055 mm/day) ([Figure 2(b)](#fig2){ref-type="fig"}).

3.2. Remote Corticotomy Accelerated Alveolar Bone Remodeling around the Orthodontic Teeth {#sec3.2}
-----------------------------------------------------------------------------------------

To assess the bone anabolic activity in the tension side of the orthodontic teeth, the expression levels of OCN were detected by immunofluorescent staining ([Figure 3](#fig3){ref-type="fig"}). In the Control group, there was no obvious positive signal of OCN along the edge of alveolar bone on the tension side of the distobuccal roots of the upper left first molars as expected ([Figure 3](#fig3){ref-type="fig"}). While only weak and discontinuous staining of OCN was found in the respective region of the OTM group ([Figure 3](#fig3){ref-type="fig"}), OCN staining was apparently detected in the respective region of the Corticotomy + OTM group ([Figure 3](#fig3){ref-type="fig"}). The levels of OCN in the Corticotomy + OTM group were significantly higher than those in the OTM group on days 7, 14, and 28 ([Figure 3](#fig3){ref-type="fig"}).

In the compression side, the bone metabolic activity was evaluated by the number of osteoclasts which were detected by TRAP staining. In the Control group, the surface of the alveolar bone remained smooth and there was no obvious osteoclast recruitment ([Figure 4(a)](#fig4){ref-type="fig"}). On day 3, an average of 1.7 osteoclasts per observation field was detected at the surface of the alveolar bone on the compression side of the orthodontic teeth in the OTM group, while the number of osteoclasts increased to 7.8 per observation field on day 7 and then decreased to 6.5 at day 14 and 1.5 on day 28 (Figures [4(a)](#fig4){ref-type="fig"} and [4(b)](#fig4){ref-type="fig"}). From day 3 to day 14, the number of osteoclasts in the Corticotomy + OTM group was kept at a significantly higher level when compared to the OTM group, while the density of osteoclasts was similar in both OTM and Corticotomy + OTM group on day 28 (Figures [4(a)](#fig4){ref-type="fig"} and [4(b)](#fig4){ref-type="fig"}).

3.3. Remote Corticotomy Enhanced the Immune Response in the Periodontal Tissue around the Orthodontic Teeth {#sec3.3}
-----------------------------------------------------------------------------------------------------------

In order to explore the underlying mechanism, we tested the expression of IL6, a known essential immune marker during orthodontic tooth movement \[[@B14], [@B15], [@B29], [@B30]\]. In the Control group, no obvious IL6 staining was observed in the periodontal tissue around the orthodontic teeth - upper left first molars, while IL6 staining was found in the appropriate area in both the OTM and the Corticotomy + OTM groups ([Figure 5](#fig5){ref-type="fig"}). Interestingly, the higher intensity of IL6 staining could be observed on both the compression and the tension sides in the Corticotomy + OTM group compared to the OTM group ([Figure 5](#fig5){ref-type="fig"}).

4. Discussion {#sec4}
=============

The stimulus and RAP are known to be proportional; thus, the larger the noxious stimulus, the greater the RAP \[[@B31]\]. For instance, when bone is injured, the adjacent hard and soft tissues would actively reconstruct \[[@B31]\]. Nevertheless, RAP was found to be a complex physiological process that could accelerate bone healing \[[@B32]--[@B34]\]. Recent studies have indicated that RAP also contributes to accelerating orthodontic tooth movement after orthognathic surgery \[[@B35]\], although the further in-depth mechanical explanation is pending.

In contrast to previously established models, in which corticotomy was performed around the orthodontic tooth and/or on the moving path of the orthodontic tooth \[[@B8], [@B12], [@B36]\], here, corticotomy was performed on the contralateral side of the treated teeth to avoid the confounding effects of removing cortical bone blockage during orthodontic tooth movement. By using this model, we observed increased osteoclast recruitment on the compression side accompanied by elevated OCN expression on the tension side of the orthodontic teeth in the Corticotomy + OTM group when compared to those in the OTM group. These phenomena indicated that, despite the similar pattern of periodontal tissue remodeling, the remote corticotomy significantly enhanced the rate of the remodeling process and resulted in the accelerated orthodontic tooth movement. Therefore, the influence of remote corticotomy should be considered when interpreting human studies that compare orthodontic tooth movement in the surgical side to that of the contralateral side without surgery of the same patient.

Mechanically, not only the local aseptic inflammation is associated with alveolar bone remodeling \[[@B37]--[@B39]\], the systemic immune responding to bone homeostasis is also involved \[[@B40]\]. Especially, previous studies also suggested that immune cells, such as M1-like macrophages and T cells, and inflammatory cytokines play important roles in promoting orthodontic tooth movement \[[@B13], [@B16], [@B37]--[@B39]\]. Aligning with previous studies that show that OTM induces the systemic immune response \[[@B17]\], we found higher expression levels of IL6 around the orthodontic teeth when orthodontic treatment was performed in comparison with the Control group. And*vice versa*, we also noticed that remote corticotomy further enhanced IL6 expression in the periodontal tissue around orthodontic teeth on the contralateral side of corticotomy, which indicates that the immune response in the Corticotomy + OTM group is stronger than that in the OTM only group. As the surgery site was far away from the orthodontic tooth in the current animal model, this IL6 increase is not likely due to the effects of the local immune response. Therefore, our data strongly support the hypothesis that the activation of the systemic immune response could accelerate alveolar bone remodeling and orthodontic tooth movement. Moreover, identifying the benefits of remote corticotomy on orthodontic tooth movement may help reconcile the e conflicting data of the efficacy of corticotomy, while further investigation is warranted to unveil the underlying mechanics. As rats have shorter lifetimes when compared to humans, further verification in pre-clinical large animal models and clinical investigations with a large patient population is needed to verify our current findings.

5. Conclusion {#sec5}
=============

In this study, we have developed a new rat model to investigate the effects of corticotomy in orthodontic treatment. We confirm that corticotomy can accelerate orthodontic tooth movement and alveolar bone remodeling on the contralateral side of the surgical procedure. This investigation potentially enriches our choices for shortening the duration of orthodontic treatment in the clinical setting.
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![*Schematic drawing showing the experiment design for the Corticotomy + OTM group*. (a) Occlusal view, L: left, R: right. (b) Right buccal view. (c) Left buccal view, C: compression side, T: tension side. (d) The timeline of experimental performance.](BMRI2019-4934128.001){#fig1}

![*Corticotomy increased the moving rate and distance of the orthodontic teeth on the contralateral side*. (a) The distance and (b) speed of orthodontic teeth movement during the 28-day experimental period. N = 6. Two sample*t*-test was used for statistical analysis. *∗*:*P*\< 0.05 when compared with the OTM group; *∗∗*:*P*\< 0.005 when compared with the OTM group.](BMRI2019-4934128.002){#fig2}

![*Corticotomy increased Osteocalcin expression in the periodontal tissue on the tension side of the orthodontic teeth*. The immunofluorescent staining of osteocalcin (OCN) in the periodontal tissue around the distal surface of the distal buccal root of orthodontic teeth on day 3, day 7, day 14, and day 28. Larger staining positive area was noticed in the Corticotomy + OTM group at day 7, day 14, and day 28 when compared to that in the OTM group. B: alveolar bone; P: periodontal ligament; T: tooth. Scale bar = 100 *μ*m.](BMRI2019-4934128.003){#fig3}

![*Corticotomy increased the osteoclast number in the periodontal tissue on the compression side of the orthodontic teeth*. (a) The TRAP staining in the periodontal tissue around the mesial surface of the distal buccal root of orthodontic teeth. Red solid arrows: osteoclasts with TRAP staining. (b) The number of osteoclasts in the periodontal tissue around the mesial surface of the distal buccal root of orthodontic teeth per observation field. N = 6. Mann-Whitney test was used for statistical analysis. *∗*:*P*\< 0.05 when compared with the Control group. *∗∗*:*P*\< 0.005 when compared with the Control group. \#:*P*\< 0.05 when compared with the OTM group.](BMRI2019-4934128.004){#fig4}

![*Corticotomy increased IL6 expression in the periodontal tissue around the orthodontic teeth*. The immunofluorescent staining of IL6 in the periodontal tissue around the distal buccal root of orthodontic teeth on day 3, day 7, day 14, and day 28. OTM group has stronger staining intensity when compared to the Control group. The Corticotomy + OTM group has the strongest staining intensity at day 7 when compared to other groups. B: alveolar bone; P: periodontal ligament; T: tooth. Scale bar = 100 *μ*m.](BMRI2019-4934128.005){#fig5}
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